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Preparation and solutions
ethane sulphonic acid pH-buffered solution. Depolarization from 060 to /30 mV resulted in a sustained fall of pH i by maximally Wistar rats (1-to 4-day-old) of either sex were anesthetized with 0.5 pH units. In this situation, the GABA-induced fall of pH i turned ether and decapitated. The brain was removed and the brain stem into an intracellular alkalosis of 0.09-0.15 pH units. The results with the cerebellum was isolated. After removal of the cerebellum, confirm and extend previous findings obtained in vivo that GABA-the brain stem was glued to the stage of a vibratome (FTB Vibracut, or glycine-induced intracellular acidosis of respiratory neurons is Weinheim, Germany) and three transverse slices (150 mm thick) due to efflux of HCO 0 3 via the receptor-coupled Cl 0 channel. were cut at levels of 200 mm caudal to the obex (see Smith et al. 1991) . After transfer and immobilization of individual slices with a net, the recording chamber (volume 3 ml) was superfused with
oxygenated standard saline (temperature 30ЊC, flow rate 5 ml/min) of the following composition (in mM): 118 NaCl, 3 KCl, 1 MgCl 2 ,
In medullary respiratory neurons of cats in vivo, g-amino- as was originally shown for crayfish muscle fibers and neurons Kaila and Voipio 1987; . Onimaru et al. 1990 Onimaru et al. , 1996 Smith et al. 1992) . This (in mM) 130 KCl, 1 NaCl, 1 MgCl 2 , 0.5 CaCl 2 , 1 K-1,2 bis(2-in vitro respiratory network remains functionally active in a aminophenoxy)ethane-N,N,N,N-tetraacetic acid, 10 HEPES, and transverse slice, containing ventral respiratory group (VRG) 1 Na-ATP, pH adjusted to 7.4 with 1 N KOH. In some experiments, KCl was replaced by 130 mM potassium gluconate (''low-Cl 0 neurons of the pre-Bötzinger complex, which is the core of solution'') or a solution containing the K / channel blockers Cs / electrical response of voltage-clamped neurons in the region and tetraethylammonium (TEA), with KCl replaced by 100 CsCl of the VRG to bath-applied GABA and glycine and to the and 30 TEA-Cl. These solutions had an osmolarity of between 270 specific antagonists bicuculline and strychnine.
Intracellular recordings
and 290 mosmol and were adjusted to a pH of 7.4 with 1 N KOH. DC resistance of patch electrodes ranged from 3-8 MV, depending (Fig. 1, A and B) . In nine of these pF) were compensated by ú70%. Membrane conductance (g m ) neurons, glycine evoked an inward current 0.05-0.4 nA in was measured by regular injection of hyperpolarizing direct current amplitude and a concomitant g m increase, which was supor voltage pulses (duration 500 ms, amplitude 020 mV or 010 to pressed by strychnine (Fig. 1, C The ratio of the fluorescence (F) signals was measured at 540 spontaneous synaptic inward currents were observed at a V h nm (band-pass filtering 515-565 nm) in response to alternating of 060 mV. These currents, which had an amplitude of up excitation at 440 and 490 nm (F 440 , F 490 ). Once the whole cell to 0.5 nA and reversed polarity at Ç0 mV, were substantially configuration was established, steady-state loading of BCECF was attenuated by either 10-50 mM bicuculline or 10-25 mM achieved after a maximum of 10 min as indicated by the stable strychnine ( revealed. The calculated equilibrium potential for H / and, thus, bicarbonate ranged between 010 and /9 mV. In nine R E S U L T S of these cells, the GABA-evoked inward current and g m decrease were accompanied by a delayed fall of pH i ( values for the GABA-induced pH i decrease were 0.25 { brain stem-spinal cord preparation of neonatal rats (Ballanyi et al. 1994b; Onimaru et al. 1996; Smith et al. 1992 ; 0.11 pH units (n Å 5) for 1 mM GABA and 0.17 { 0.07 pH units (n Å 4) for 0.1 mM GABA. On washout of GABA, see also Feldman and Smith 1989) . The contribution of GABA A and glycine receptors to these responses and their pH i recovered from the intracellular acidosis within Ç2 min.
A smaller mean fall of pH i by 0.18 { 0.1 pH units (1 mM, pharmacology has, however, not been analyzed in detail yet. Therefore in an initial series of experiments we tested the n Å 4) and 0.12 { 0.06 pH units (0.1 mM, n Å 3) was J500-6 / 9k0f$$ap11 08-27-97 14:47:43 neupa LP-Neurophys observed on administration of glycine. The GABA-induced units in three cells tested. These effects of NH / 4 are illustrated inward current and g m increase as well as the accompanying for a cell in which GABA led to a prominent pH i decrease fall of pH i were reversibly blocked by 100 mM bicuculline, (Fig. 2A) . In a total of five neurons, depolarization to 0 or whereas 10 mM strychnine effectively suppressed the pH i /30 mV for 1 min evoked an intracellular acidosis by 0.12-responses to glycine (Fig. 3) . In 11 different cells tested for 0.5 pH units (Fig. 2B, see also Fig. 5 ). glycine (n Å 10) and GABA (n Å 1), pH i remained unaf-EFFECTS OF CARBONIC ACID. A second possible explanation fected despite a profound effect on I m and g m (not illus-for the lack of the GABA-or glycine-related intracellular trated).
acidosis in a subpopulation of these medullary neurons would EFFECTS OF NH / 4 AND DEPOLARIZATION. To test whether this be washout of carbonic acid (CA), which is essential for the lack of a GABA-or glycine-evoked acidification was due to generation of GABA-evoked decreases of pH i (Pasternack et impaired pH sensitivity of BCECF (see DISCUSSION ), alterna-al. 1993 ); 15-30 mM of this enzyme was added to the patch tive procedures to displace pH i were used. For this purpose, pipette solution. In this series of experiments, administration the cells were either exposed to NH / 4 or depolarized via cur-of 1 mM GABA for only 30 s produced a fall of pH i by 0.18 { 0.05 pH units in 15 neurons loaded with 15 mM CA, rent injection. Bath application of 10 mM NH / 4 , which is an established tool to perturb pH i for an analysis of pH regulatory whereas in 6 control cells, the mean GABA-related pH i fall was 0.09 { 0.03 pH units. In addition to this significant (P õ mechanisms (Thomas 1984), led to an inward current up to 0.3 nA in amplitude. The inward current was accompanied 0.05) potentiation of the amplitude of the pH i response in the cells dialyzed with CA, the initial rate (0.39 { 0.14 pH by an initial intracellular alkalinization by maximally 0.3 pH units, followed by a delayed acidification of 0.15-0.4 pH units/min) of the GABA-induced fall of pH i , which was linear during the first 20 s of occurrence, was also significantly (P õ duced currents in voltage clamp (which had an amplitude of {30 pA) in low-Cl 0 cells were 0.25 { 0.07 pH units (1 0.05) faster than in the control neurons (0.14 { 0.05 pH units/ min). In this set of experiments, pH i remained unaffected by mM, 1 min, n Å 10) and 0.18 { 0.09 pH units (0.1 mM, n Å 5), and thus were almost identical to those observed GABA in two of the CA-dialyzed neurons and in four cells of the control.
with high-Cl 0 electrodes. However, pH i remained unaffected during the action of GABA on I m and g m in seven different EFFECTS OF Cl 0 . In a different series of experiments, it was neurons (Fig. 2B) . As tested in three of these cells, depolarinvestigated whether the intracellular acidosis on activation ization to 0 or /30 mV for 1 min evoked an intracellular of the receptor-associated Cl 0 channels was affected by the acidosis by 0.1-0.4 pH units (Fig. 2, B and C) , similar to Cl 0 gradient, determining chloride equilibrium potential that revealed in cells recorded with the high-Cl 0 electrodes (E Cl ) and, thus, the direction of Cl 0 fluxes through the recep-(see above). A comparable depolarization-induced acidosis tor-coupled Cl 0 channel. In eight cells, dialyzed with a low-was also revealed in cells in which GABA or glycine led to Cl 0 electrode solution, resting pH i (7.37 { 0.15) did not the typical fall of pH i . significantly differ from pH i baseline in cells recorded with EFFECTS OF CO 2 / HCO 0 3 -FREE SUPERFUSATE. Furthermore, the the standard high-Cl 0 solution (see above). Figure 4A illuseffects on GABA-induced pH i decreases of CO 2 /HCO 0 3 -free trates that GABA evoked a substantial g m increase, but no HEPES pH-buffered solution were tested. As exemplified in major inward current, at a V h of 060 mV in these cells. After A: bicuculline suppressed the current response and the intracellular acidosis evoked by bath application of GABA. B: strychnine led to a diminution of the inward current and to a full blockade of the accompanying pH i fall on exposure to glycine, whereas the corresponding responses to GABA were not affected. Recordings were made with a KCl intracellular solution (which also contained 30 mM carbonic anhydrase in B).
the GABA-induced I m (n Å 3) or E m (n Å 2) responses were ated inhibition within the neuronal network of the VRG completely blocked (Fig. 4B) . The HEPES-induced alkaliniza-(Richter 1996). In isolated preparations from rodents, howtion and the supression of the GABA-induced pH i decrease ever, GABA A ergic or glycinergic inhibition does not appear were fully reversible after reintroduction of the standard to be essential for generation of the primary rhythm, because CO 2 /HCO 0 3 -containing solution (not shown).
respiratory activity is not suppressed by bicuculline or strychnine (Feldman and Smith 1989; Onimaru et al. 1990 ; REVERSAL OF THE GABA RESPONSE. In a final set of experi- Richter et al. , 1997 . It is assumed that conditional ments, the voltage-dependence of the GABA-induced intraburster neurons of the VRG mediate rhythmic E m fluctuacellular acidosis was analyzed. In five cells, recorded with tions in such reduced respiratory networks, which are devoid high-Cl 0 electrodes, the GABA-induced inward current and of afferent (peripheral) synaptic inputs (Feldman and Smith g m increase were accompanied by a pH i fall by 0.1-0.22 pH 1989; Onimaru et al. 1990; Richter et al. 1997; Smith et al. units . Subsequent change of V h to either 0 or /30 mV led 1991). to a steady outward current and a sustained fall of pH i by Nevertheless, GABA A and glycine receptors are funcup to 0.5 pH units. Under these conditions, the GABAtional in these in vitro preparations. During the inspiratory induced current was decreased in amplitude (0 mV) or rephase, different types of rhythmically active VRG neurons versed polarity (/30 mV). At /30 mV, GABA now led to are hyperpolarized by synchronized Cl 0 -mediated IPSPs an intracellular alkalinization by between 0.09 and 0.15 pH units in three neurons (Fig. 5) , whereas pH i did not change (Ballanyi et al. 1994b; Onimaru and Homma 1992 prominent bicuculline-and strychnine-sensitive membrane sis in combination with synaptic stimulation of identified afferents rather than agonist application. hyperpolarizations (Brockhaus and Ballanyi 1995) . In individual respiratory neurons of the latter study, the responses to both GABA and glycine were not affected by addition of pH i measurements tetrodotoxin. This almost excludes the possibility that these responses are due to indirect effects of the agonists, caused METHODOLOGICAL CONSIDERATIONS. The pH i measurements by modulation of spontaneous activity of presynaptic cells showed that bath application of GABA or glycine as well within the network (e.g., Khazipov et al. 1993) .
as membrane depolarization or administration of NH / 4 produces a major intracellular acidosis of the VRG neurons. THIN SLICES. For fluorometric measurements of GABAand glycine-mediated changes of pH i , it was necessary to For monitoring of pH i , we have used the rather novel technique of intracellular application of the fluorescent dye use brain stem slices with a rostrocaudal thickness of not more than 200 mm. These slices contained only subregions BCECF via the patch electrode (Trapp et al. 1996a ). Thus some methodological aspects, which are discussed in detail of the pre-Bötzinger complex and, thus, not the entire core (Ç350 mm diam) of the respiratory network, which is neces-in the latter study, should be considered before discussion of the mechanisms of the observed pH i changes. The steady sary to produce respiration-like activity in transverse slices Smith et al. 1991) . Ac-increase of both the F 440 and F 490 fluorescence signals within Ç10 min after establisment of the whole cell configuration cordingly, functional identification of neurons in the region of the VRG was not possible in the present study. However, indicates ongoing loading with BCECF. However, the ratio trace, representing pH i , was typically stable after õ2 min in the vast majority of cells in the nonrhythmic thin slices the responses to GABA and/or glycine were very similar to of intracellular recording (compare Fig. 2 of Trapp et al. 1996a) . Therefore HEPES, which should enter the cells simthose of the rhythmically active VRG neurons described above. In future studies, a more precise determination of the ilarly to BCECF during this phase, does not appear to affect pH i baseline. Nevertheless, 10 mM intracellular HEPES localization and properties of pre-, post-, or extrasynaptic (Brown 1979) components of Cl 0 -mediated inibitory re-should, at physiological levels of pH i , contribute by Ç5 mM/pH unit to intrinsic buffering power, which was 18 sponses in these cells deserves immunohistochemical analy-J500-6 / 9k0f$$ap11 08-27-97 14:47:43 neupa LP-Neurophys FIG . 5. Voltage dependence of the GABA-induced pH i transient. At a holding potential (V h ) of 060 mV, GABA led to the typical inward current, g m increase, and pH i fall in a cell recorded with a KCl electrode. After depolarization to 0 mV and, subsequently, to /30 mV, the GABA current was reduced and changed polarity, and also the pH i fall was reversed into an intracellular alkalosis. Note the prominent and sustained decrease of pH i baseline on membrane depolarization.
mM/pH unit in dorsal vagal neurons studied under compara-in vivo cat, trains of synchronized IPSPs are responsible for inspiratory inhibition, which persists for periods of up to ble conditions (Trapp et al. 1996a) . As in these cells, reseveral seconds. Such hyperpolarizations can reach amplimoval of extracellular CO 2 /HCO 0 3 by superfusion of tudes of ú20 mV within several hundred millseconds (Bal-HEPES-buffered solution led to a stable alkalinization of the lantyne and Richter 1986; Richter 1996). As measured with VRG neurons by maximally 0.5 pH units (Fig. 4) . This pH-sensitive microelectrodes in these cells, these hyperposuggests that diffusion of ''fresh'' HEPES buffer from the larizations are accompanied by rapid periodic decreases of pipette does not clamp pH i and should only have a minor pH i by ú0.1 pH units (Ballanyi et al. 1994a ). However, the influence on the kinetics or amplitude of experimentally inpH i of mammalian neurons is not only perturbed during duced displacements of pH i .
such massive, albeit physiological activity. It was recently
GABA-AND GLYCINE-INDUCED INTRACELLULAR ACIDOSIS.
demonstrated that tonic spike activity with a frequency of Physiological relevance. The observed GABA-and glycine-Ç1-6 Hz produces ongoing acidification of medullary dorinduced pH i decreases are not caused by a nonspecific effect sal vagal neurons in vitro (Trapp et al. 1996a ) by a mechaof these inhibitory amino acids, because bicuculline or strychnism that is discussed below. It remains to be determined nine completely abolished the agonist-evoked current, the g m with fluorometrical pH i measurements of higher spatial and/ increase, and also the accompanying fall of pH i . These findor time resolution whether spontaneous IPSCs, as revealed ings are consistent with previous measurements in mammalian in the VRG neurons on recording with (Cs/TEA-containing) brain slices, which showed that GABA-induced increases of high-Cl 0 electrodes, also affect pH i . extracellular pH are blocked by the GABA A receptor antago-HCO 0 3 permeability. The observation that the GABA-innist picrotoxin (Chen and Chesler 1992; Kaila et al. 1992a;  duced pH i decrease, but not the current response and g m Taira et al. 1995; see also Chen and Chesler 1991) . The increase, was blocked in CO 2 /HCO 0 3 -free solution suggests blocking effects of bicuculline in the present study almost efflux of the base equivalent HCO 0 3 through the anion pore exclude a contribution of activation of GABA B receptors to as the ionic mechanism of this acidosis. This assumption is the observed intracellular acidosis.
supported by the observation that the pH i fall turned into The magnitude of the intracellular acidosis on activation an intracellular alkalosis when the cells were depolarized. of receptor-coupled Cl 0 channels could exceed 0.3 pH units Because the equilibrium potentials for H / and bicarbonate in individual cells. Even larger pH i decreases will possibly be were close to 0 mV in the present study (see also Chesler detected in future studies with the use of imaging techniques, 1990; Chesler and Kaila 1992; , an influx of allowing for a higher spatial resolution and thus analysis of bicarbonate was expected at positive E m . It is, indeed, estabpH i changes in the vicinity of the GABAergic and glylished that GABA A receptor-coupled anion channels have a cinergic synapses (see also Trapp et al. 1996a ). It might be substantial permeability to HCO 0 3 (Bormann et al. 1987 ; argued that receptor activation for periods of Ç1 min by bath . In a series of elegant experiments, it application of the agonists does not refer to the physiological was originally demonstrated in crayfish muscle fibers and situation. It should, however, be considered that maximum neurons Kaila and Voipio 1987; Voipio et al. currents , conductance changes, and thus pH i decreases might 1991) that HCO 0 3 efflux through the GABA A receptor-counot be observed at all because of partial desensitization of pled anion pore can produce a fall of pH i by several tenths the GABA and glycine receptors during such a slow rate of agonist exposure bonate. Similar GABA-induced intracellular acidifications membrane flux of Cl 0 is expected despite a prominent increase of g m . The latter consideration implicates that the have currently also been shown for mammalian neurons agonist-induced acidosis is not due to redistribution of Cl 0 , Trapp et al. 1996a) or glial cells which could potentially involve pH i regulatory mechanisms (Chesler 1990; Thomas 1984) , the origin of the electrodes . However, as depolarization-induced intracellular acidosis needs to be dissuggested by preliminary findings, the average E rev of the cussed briefly. It was recently demonstrated in hippocampal GABA response is not considerably more negative in pyramidal neurons that depolarization-induced Ca 2/ influx HEPES-buffered solutions, in which the HCO 0 3 -mediated via voltage-gated Ca 2/ channels leads to a delayed intracelacidifications were fully blocked. It could well be that the lular acidosis (Trapp et al. 1996b ). This depolarizationdepolarizing action of a putative GABA uptake counteracts evoked fall of pH i appears to be due to activation of a vanathe receptor-mediated hyperpolarization (for references, see date-and eosin-sensitive plasma membrane pump, which Kaila et al. 1992b) . The presence of an electrogenic GABA extrudes intracellular Ca 2/ in exchange for extracellular H / , uptake is, indeed, suggested by the observation that GABA as was originally described for snail neurons (Schwiening still produced an inward current, but no conductance inet al. 1993 ; see also ; Trapp et crease, after blockade of GABA A receptors with bicuculline al. 1996b). Because almost identical results were recently (Fig. 3A) . A further explanation for the discrepancy of E rev reported for dorsal vagal neurons of medullary slices from and calculated E Cl could be incomplete equilibration of cellurats (Trapp et al. 1996a) , we hypothesize that activation of lar Cl 0 with that of the patch electrode, possibly combined the plasmalemmal Ca 2/ /H / pump is responsible for the with ongoing activity of an inwardly directed Cl 0 pump depolarization-induced neuronal acidosis in the present leading to a depolarizing shift of E Cl (Ballanyi and Grafe study. 1985) .
Role of CA. A proportion of cells in our study did not show a major acidification on exposure to GABA or glycine Conclusions despite a considerable current and/or conductance response.
Our findings support recent assumptions that decreases in The observation that administration of NH / 4 or membrane pH i during periodic trains of IPSPs, as occurring in respiradepolarization led to a substantial change of pH i in these tory neurons in vivo (Ballanyi et al. 1994a) , are due to cells excludes the possibility of loss of pH sensitivity of the GABA A and/or glycine receptor-mediated HCO 0 3 efflux. Bedye, e.g., by interference of intracellular constituents in these cause a variety of cellular processes, including membrane recordings (see also Trapp et al. 1996a ). In isolated hippochannel function, critically depends on pH (Chesler and campal neurons, it was found that acetazolamide, a blocker Takahashi and Copenhagen 1996) , of CA, strongly attenuated the GABA-induced decreases of it is a challenge of future studies to illuminate to what extent pH i in hippocampal neurons . The these intracellular acidifications might contribute to modulaimportance of CA for the generation of these HCO 0 3 -related tion of neuronal function. neuronal acidifications is also suggested by our observation of significantly faster and also larger GABA-and glycine- Cl 0 efflux, which was shown to decrease intracellular Cl 0 Physiol. Lond. 370: 433-456, 1986. by ú10 mM in rat sympathetic neurons (Ballanyi and Grafe BALLANYI, K. AND GRAFE, P. An intracellular analysis of g-aminobutyric-
acid-associated ion movements in rat sympathetic neurones. J. Physiol. 
1985), does not seem to hamper the efflux of HCO

